The objectives of this study were 1) to detect quantitative trait loci (QTL) affecting direct and maternal calving traits at first calving in the Danish Holstein population, 2) to distinguish between pleiotropic and linked QTL for chromosome regions affecting more than one trait, and 3) to detect QTL affecting stillbirth and calving difficulties but not calf size that could be used in selection to improve calving performance. Progenytested sons (2,297) were genotyped for 356 microsatellites in 34 grandsire families on all 29 autosomes. A total of 27 significant QTL on 17 chromosomes were detected using a between-families linear regression model. For the direct calving traits, 4 QTL significantly affected calving difficulty, 5 QTL affected stillbirth, and 7 QTL affected calf size subjectively assessed by the farmer as a categorical trait. When the maternal components of the same traits were tested, there were significant effects of 3 QTL on calving difficulty, 6 QTL on stillbirth, and 2 QTL on calf size. The variance component mapping approach was used to estimate the relative posterior probability of linkage and pleiotropic models. The most probable model indicated a pleiotropic QTL on chromosome 12 and 25 and a linked QTL on chromosome 7 and 26. Chromosome 18 seemed to harbor a QTL with a pleiotropic effect on the direct calving traits and linked to maternal stillbirth. Markers on chromosomes 3, 4, 7, 10, 12, 18, 21, 24, 26, and 28 can be used to select new breeding candidates to produce daughters with more efficient calving performance.
INTRODUCTION
Stillbirth (SB), calving difficulty (CD), and the size of calf at birth (CS) are economically important calving traits included in the Danish dairy cattle breeding program (Pedersen, 2003) . The incidence of SB for Holstein cattle has increased in several Holstein populations during the last 2 decades (Hansen, 2004) . The increased incidence of SB reduces the potential number of replacement heifers in dairy cattle herds and is an ethical and economic concern.
Calving performance is influenced by the genotypes of both the dam and the calf itself. Hence, both direct (calf) and maternal (dam) genetic components are included in the model for the calving traits. The direct effect refers to the additive genetic effect of the genotype of the calf and the maternal effect to the additive genetic effect of the genotype of the calf's dam.
In Danish Holsteins the heritability (h 2 ) estimates of calving traits ) measured as a direct sire effect (h 2 = 0.05 to 0.19) are higher than the heritability estimates of the calving traits measured as a maternal grandsire effect (h 2 = 0.04 to 0.06). The genetic correlation among calving traits measured as a direct sire effect (0.69 to 0.93) are markedly higher than the genetic correlation among calving traits measured as a maternal grandsire effect (0.01 to 0.62).
Several QTL have been detected for calving traits in other Holstein populations (Elo et al., 1999; Schrooten et al., 2000; Kü hn et al., 2003) . These QTL have been detected using single QTL and single-trait models. However, the strong genetic correlations between the calving traits indicate that some QTL may affect more than one trait. Some QTL are located at the same chromosomal position for different traits. If the QTL affects multiple traits, it is important to investigate whether it is a pleiotropic or linked QTL that affects the traits. This knowledge can be used to obtain more efficient selection progress against SB and CD.
Calving difficulty and SB occur most frequently at first calving and the heritabilities are higher at first calving (Hansen, 2004) . Genetic correlations for direct calving traits between first and later calvings were estimated to range from 0.97 to 0.99 and from 0.81 to 0.89 for maternal calving traits (Aamand, 2002) . For these reasons this study only focused on calving traits at first calving.
Because of the economic and ethical importance of the calving traits, both direct and maternal effects are already included in the breeding goal with significant economic weights. However, inclusion of genetic markers for calving traits could make the selection for calving performances even more efficient.
The aims of this study were 1) to detect QTL affecting direct and maternal SB, CD, and CS at first calving in the Danish Holstein population, 2) to distinguish between pleiotropic and linked QTL for chromosomes affecting more than one trait, and 3) to detect QTL affecting SB and CD without affecting CS that could be used in selection programs to improve calving performance.
MATERIALS AND METHODS

Animals
A total genome scan was carried out in the Danish Holstein population. Marker and phenotypic data were collected according to a granddaughter design (Weller et al., 1990) . Numbers of grandsire families vary between chromosomes because the original design comprised 19 grandsire families. Subsequently, additional families were typed for chromosomes deemed interesting for QTL mapping based on results from families already typed. Chromosomes 2, 4, 5, 6, 9, 12, 13, 19, 20, 22, 23, 24 , and 25 were analyzed in 19 grandsire families and 1,592 sons; chromosome 17 in 20 grandsire families and 1,630 sons; chromosome 14 in 24 grandsire families and 1,848 sons; chromosome 28 in 33 grandsire families and chromosomes 1, 3, 7, 8, 10, 11, 15, 16, 18, 21, 26, 27 , and 29 were analyzed in 34 grandsire families and 2,297 sons. Numbers of sons per sire ranged from 20 to 106, with an average family size of 84 for the 19 families and 68 for the 34 families. Sires and their sons were genotyped for marker information whereas phenotypic records were taken from granddaughter performances.
Markers and Maps
Markers and their positions were chosen from the Web site of the Meat Animal Research Center (http:// www.marc.usda.gov/genome/genome.html; USDA-MARC, Clay Center, NE). All 29 autosomes were covered using 356 microsatellite markers with an average marker spacing of 8.60 cM; markers and positions are given in Table 1 . Genotypes were determined on an automated sequence analyzer. Inconsistent marker types and markers exhibiting evidence of segregation distortion were discarded. Numbers of informative markers per chromosome were used as a criterion for the information level on each chromosome. Numbers of informative markers were calculated as the average number of heterozygous markers in the typed grandsires on each chromosome.
Phenotypic Data
Calving traits were each assessed as subjective scores on the farm by the farmers. Only first-parity calvings were included. Stillbirth was scored as an all-or-none trait; and the calf was considered stillborn if it died within the first 24 h. Calving difficulty and CS were scored as categorical traits on a scale from 1 to 5. A score of 1 was assigned for easy calving without assistance and 5 for the very difficult calving with veterinarian assistance. A score of 1 was assigned for small calves and 5 for the biggest calves born in the herd. For further details, see Danish Cattle Federation (2006) .
The data used were EBV for traits of sons calculated using a BLUP single-trait sire model, ignoring family structure among sires and correlation among the traits. Fixed effects in the models were class effects of herd × year interaction, year × season interaction, age of cow × region interaction, and sex of calf × year interaction. The random effects were sire of calf, sire of cow (maternal grandsire of calf), and residuals. The calving traits considered were SB, CD, and CS after first calving. The breeding values were estimated both as a "direct" effect (D) of the sire in the calf and as a "maternal" effect (M) of the sire in the mother of the calf, giving a total of 6 traits for the QTL analysis. Permanent environmental effects could in this study be ignored, because we only considered QTL for calving ability at first calving.
For direct effects the model used was BMS410 (0) ijk, s(ijk) , is the sire of daughter ijk, and e ijk is a random residual for the calf of daughter ijk. All random effects have expectation 0.
QTL Analysis
A series of analyses were performed. First, the data were analyzed with a single QTL regression approach using all markers on the chromosome simultaneously for both between-and within-family analyses. If between-family chromosome-wise significance was obtained at a 5% threshold level for at least 2 calving traits, then multitrait models were fitted using a variance component method. The fitted models were designed to distinguish if the identified QTL was most likely 1 QTL affecting both traits (pleiotropy) or 2 linked QTL, each affecting 1 trait. For details of the models see Lund et al. (2003) . All models were fitted using AI-REML (Johnson and Thompson, 1994; Madsen et al., 1994) as implemented in the DMU package (Madsen et al., 2006) .
Regression Analysis. Marker linkage phase in the sires was determined based on offspring marker types and subsequently were assumed to be known without error. Segregation probabilities at each map position were calculated using information from all markers on the chromosome simultaneously using Haldane's mapping function (Haldane, 1919) . When it was not possible to distinguish unambiguously whether an allele was inherited from the sire or the dam, the allele frequencies were used to calculate the segregation probabilities. Population allele frequencies of the markers were estimated from the sons maternally inherited chromosomes and grandsire chromosomes using an expectation-maximization (EM) algorithm (Dempster et al., 1977) . Allele frequencies were subsequently assumed known without error. Phenotypes were regressed onto the segregation probabilities. Significance thresholds were calculated using permutation tests performing 1,000 permutations (Churchill and Doerge, 1994) .
Genome-wise false discovery rates were calculated for each trait separately in R version 2.5.1 (http:// www.r-project.org/) using the library q-value version 1.1 in the q-value package implementing the method by Storey and Tibshirani (2003) . The q-values were calculated for each trait separately.
Multitrait Analysis. For chromosomes affecting 2 or more traits, multitrait analyses were performed to test whether the data were better described by a single QTL affecting both traits or by 2 linked QTL, each affecting 1 trait. Description of these models can be found in Buitenhuis et al. (2007) and Lund et al. (2003) .
The pleiotropic and linked-QTL models can be written as: 
where y is an n × t vector of observations on t = {1, 2} traits, X is a matrix relating records to the fixed effects, β is a vector of fixed effects, Z is a matrix relating records to individuals, u is a vector of additive polygenic effects, W is a matrix relating each individual's record to its QTL effect, q i is a vector of additive QTL effects corresponding to the ith QTL, and e is a vector of residuals. The number of QTL, n qtl , was assumed to be equal to 1 or 2. The random variables u, q, and e were assumed to be multivariate normally distributed and mutually uncorrelated. Specification of pleiotropic and linked QTL models followed Lund et al. (2003) , except that no linkage disequilibrium information was included in the analysis of this paper. To obtain computational efficiency and stability, an exhaustive search for linked QTL was avoided by fitting the linked QTL model at the previously estimated positions from the singletrait variance component model. The pleiotropic model was fitted at positions in the region spanning the 2 positions of the linked single-trait QTL model. Model Selection Between Pleiotropic and Linked-QTL Models. The pleiotropic and linked-QTL models cannot be compared using likelihood ratio tests because the models are not nested. Therefore, the Bayesian information criterion (BIC) (Schwarz, 1978; Kass and Raftery, 1995) was used to evaluate which model is favored. The 2 models incorporate the same number of parameters, and consequently, the BIC simplifies to
If the 2 models are assumed equally likely a priori, the result using this criterion is an approximation to the Bayesian posterior probability of the pleiotropic model relative to the posterior probability of the linked QTL model. In this study, the approximate Bayes factor,
was used for comparison of the pleiotropic model to the linked model. Another less formal criterion used to indicate which model is more likely is the estimated correlation between QTL effects of the 2 traits (r Q12 ) from the pleiotropic model. The rationale behind using r Q12 is that if the 2 traits are under influence of a biallelic pleiotropic QTL, the true value of r Q12 will be plus or minus 1.
RESULTS
Regression Analysis
The chromosome-wise regression test (Table 2) indicated a total of 27 significant tests (P < 0.05) for calving traits in first lactation on 17 different chromosomes. Fifteen of the QTL were related to the direct effects and 12 QTL were related to the maternal effects. In this study, we detected QTL for all analyzed traits, but in particular for D-CS with 7 (P < 0.05) and M-SB with 6 significant QTL.
The average number of informative markers per grandsire family varied from 3.0 to 8.5 informative markers per chromosome. Fifteen percent of the significant QTL had calculated q-values below 5%.
The QTL that were significant in across family tests were also significant in within family tests at the 5% level in 0 to 7 Holstein families.
Multitrait Analysis
Seven chromosomes had more than 1 significant QTL in the same region and were further examined for the presence of pleiotropic or linked QTL. Only Bos taurus autosome (BTA) 18 had more than 2 significant QTL. Table 3 has test results from the variance components model . On BTA7, 2 significant QTL were detected for the direct effects on SB and CS with an estimated distance between the 2 QTL positions of 26 cM. For this chromosome, the Bayes factor was calculated to be 0.3; and the correlation between the QTL effects was low (0.35). On this chromosome, there may be 2 linked QTL. For BTA8 the analysis was inconclusive because of convergence problems with the pleiotropic model. For BTA12 there was evidence of a pleiotropic QTL, with a Bayes factor of 27 and a high correlation between the 2 QTL (0.99). On BTA18, 4 significant QTL were detected and analyzed in pair-wise multitrait analyses. The calculated Bayes factors among the group of direct-calving traits (D-SB, D-CS, D-CD) were all high (27 to 1,806,411), which strongly supports a pleiotropic model. In contrast, the Bayes factors between M-SB and D-CD and D-CS were lower than 1 (0.7) but did not clearly favor the linked model. The results of the analysis strongly supported a pleiotropic QTL for the group of direct traits, whereas the relation to M-SB was inconclusive. The calculated correlations between the QTL support the conclusions from the Bayes factor analysis with higher correlations existing within the group of direct-calving traits (0.87 to 0.93) than for M-SB with direct traits (0.49 to 0.71). For BTA22 the pleiotropic QTL model was slightly favored (Bayes factor = 3.7) compared with the 2-QTL model. However, with an r q = 0.72 and with an estimated distance of 14
Journal of Dairy Science Vol. 91 No. 5, 2008 cM between the 2 QTL positions, there was no conclusive evidence for a pleiotropic QTL. The analysis for BTA25, however, clearly favored the pleiotropic model with a high Bayes factor of 548 and strong correlation (r q = 1.00) between D-CD and D-CS. In contrast, the 2-QTL model was slightly favored for BTA26 with a Bayes factor of 0.13 and a correlation close to zero. For BTA28 the 1-QTL model was favored (Bayes factor = 3.7) compared with the 2-QTL model. But with r q = 0.78 and an estimated distance of 10 cM between the 2 QTL positions, there was no conclusive evidence for either a pleiotropic or linked QTL.
DISCUSSION
Several QTL affecting both direct and maternal calving traits were identified in this study. However, because of the high number of performed regression tests, it is expected that some of the detected QTL are false positives. In total, 4,674 tests were carried out. At the 5% significance level, 234 QTL across all chromosomes are expected to be false positive. The number of tests for the chromosome-wise regression test between family analysis was 6 traits × 29 chromosomes = 174. Of these, 27 were significant at a 5% level for a false discovery rate of 174 × 0.05/27 = 0.3, which indicates that 30% of the detected QTL are expected to be false positives.
For 9 chromosomes we detected only 1 significant QTL affecting 1 trait. The most reliable QTL in this category was found on BTA3 for D-SB. This chromosome has a dense marker map, and the QTL segregated in 5 of the 34 grandsire families analyzed. This QTL was detected in the same region as the complex vertebral malformation (CVM) gene found by Thomsen et al. (2006) . Fine mapping in this region would be interesting to assess whether the same or, rather, closely linked genes cause the observed effects. The QTL for D-CS on BTA19 and BTA20 were also detected with high significance.
With the strong general correlations among the direct calving traits, finding a high proportion of pleiotropic QTL affecting them was expected. On BTA7, BTA18, and BTA25, QTL regions were found to affect more than 1 trait; and BTA18 had the clearest result and affected all direct calving traits and segregated in 5 grandsire families. The QTL on BTA7 is the only QTL region of the 4 QTL regions detected in this study in which a linked model was clearly favored. For the maternal traits, only 1 region was found to affect 2 traits (BTA28), but the analyses for this chromosome were not conclusive in terms of distinguishing between linkage and pleiotropy.
Five chromosome regions affect both direct and maternal traits (BTA8, BTA12, BTA18, BTA22, and The QTL are shown for traits that exceed the 5% chromosome-wise threshold level of significance. BTA26). Genetic correlations of direct calving traits and maternal calving traits are generally weak. Parameters used in Danish Holstein breeding value estimation vary from 0.02 to 0.07 (Aamand, 2002) . Thus, it would be expected that only very few chromosome regions affect both the direct and maternal calving traits. The pleiotropic model was favored for BTA12, and this was the only region affecting both direct and maternal SB. In contrast, the linkage model was favored on BTA26.
In general, there was a balance favoring both linked and pleiotropic models both for comparisons of directdirect calving traits and for comparisons of direct-maternal calving traits (Table 3) . Probabilities for the pleiotropic model in general were higher compared with the situations in which the linked model was favored. The number of markers between the QTL positions estimated from the single-trait analysis in these regions was probably too low to give strong evidence to separate the effect and favor the linkage model. The actual numbers of informative markers varied from 0 to 1.2 in regions with distances between QTL positions from 4 to 38 cM, which might be too low.
In total, 3 of the detected QTL supported the findings of other studies. The QTL for D-CD on BTA8 confirmed the result from Ashwell et al. (2005) and the QTL for D-SB and M-SB on BTA7 and BTA18 confirmed the results in Kü hn et al. (2003) . The QTL for calving traits found by Holmberg and Andersson-Eklund (2006) were not supported in this study.
The QTL identified could have important implications for the Danish Holstein breeding program, because calving traits are given a relatively heavy eco- nomic weight in the Danish combined selection index. In particular, QTL affecting CD and SB without affecting CS will be an efficient way for genetic improvement of calving traits. Some of the identified QTL might be false positives, as discussed earlier. Therefore, it is important to focus selection on QTL regions with a dense marker map and high numbers of segregating families per trait to minimize the risk of putting selection pressure on false-positive QTL. In some regions, the confidence intervals for QTL effects are quite large; thus, the only information that can differentiate between close linkage and pleiotropy are the correlations between QTL effects on the 2 traits. More markers in these regions are needed to draw more precise conclusions about the behavior of the QTL in the region.
Selection for the positive QTL allele on BTA3 can reduce SB as a direct trait, whereas selection for the positive QTL allele on BTA4 will reduce CD. Selection for the favorable QTL allele on BTA7 to decrease the number of stillborn calves will, in general, also decrease CS. Therefore, breeding organizations are recommended to select bulls in which the 2 QTL alleles have recombined. Selecting these bulls would improve SB for their calves without decreasing the CS. With an estimated distance between the 2 QTL positions of 26 cM, it is possible to select for the recombinant bulls. Four chromosomes seem only to affect maternal traits, whereas BTA10 and BTA21 can both reduce M-CD; BTA24 can reduce M-SB; and BTA28 can decrease M-CD and M-SB. The QTL on BTA18 should be used to select for improved M-SB; and BTA12 and BTA26 affect both direct and maternal SB. This indicates that a re-cessive lethal allele causing SB may be present in these regions. A more detailed study involving the segregating families is needed to confirm this hypothesis.
